The polysaccharide capsule is the major virulence factor of Streptococcus pneumoniae (pneumococcus), a major human pathogen. The sequences in the promoter and coding regions of the capsule gene locus undergo extensive variations through the natural transformation-mediated horizontal gene transfer. The sequence variations in the coding region have led to at least 97 capsular serotypes. However, it remains unclear whether the sequence polymorphisms in the promoter region have any biological significance. In this study, we determined the sequences of the cps promoter region from 225 invasive pneumococcal isolates, and identified modular composition and remarkable inter-strain sequence variations in this region. The strain-to strain variations in the cps promoter are characterized by diversity in sequence and size, mosaic combinations of nucleotide polymorphisms and sequence modules, selective preservation of the sequence combinations, and promiscuous assortments of the sequences between the promoter and coding regions. Isogenic pneumococci carrying allelic variants of the cps promoter displayed significant differences in the transcription of the capsule genes, capsule production, adhesion to host epithelial cells, anti-phagocytosis and virulence in mouse bacteremia model. This study has thus indicated that the sequence polymorphisms in the cps promoter represent a novel mechanism for fine-tuning the level of encapsulation and virulence among S. pneumoniae strains.
. The polysaccharide capsule is the major virulence factor of S. pneumoniae, which enables the pneumococci to evade phagocytic killing by host immune system due to its negative charge and other biochemical properties [4] [5] [6] . However, the capsular polysaccharide (CPS) is immunogenic, and host immunity targeting the CPS is protective against the infection by the pneumococcus carrying the same CPS 7 . As a result of host immune selection, S. pneumoniae has evolved to produce at least 97 chemically and antigenically distinct types of the capsule (or serotypes) by frequent replacement of the CPS biosynthesis genes though acquisition of foreign DNA by natural genetic transformation 8 . Each type of CPS is synthesized and exported by a unique capsule gene (for type-37) or a set of the capsule genes (for all other types) 9 . The capsule genes of all CPS types are clustered in the same locus of the genome between the dexB and aliA genes with the exception of the type-37 synthase gene (tts) 5, 9 . The tts gene is located elsewhere on the chromosome due to degeneration of the original capsule genes in the dexB-aliA locus 10 . There are extensive inter-strain sequence variations in both the promoter and coding regions of the capsule locus as exemplified by the diversity in the locus size of different strains/types, which ranges from approximately 2.2 kilobases (kb) (type-37) to 30 kb (type-38) with an average of 21 kb 9 . The cps locus of the type-2 strain D39, the most extensively studied virulent S. pneumoniae strain, consists of 17 CPS-biosynthesis associated genes (20. 316 kb in size) 11 . The sequence diversity in the coding region of the cps locus is responsible for the enormous diversity of the CPSs in chemical structure and antigenic property (a basis for pneumococcal serotyping). Extensive sequence variations have also been described in the promoter region of the cps locus, which is defined as the intergenic sequence between dexB and cpsA (the first gene in the cps locus) 12, 13 . Despite of its importance in the capsule production, the promoter region of S. pneumoniae is poorly characterized. As described in type-2 strain D39 12 , the typical promoter region consists of four basic modules upstream of the cpsA gene, the first gene in the capsule locus: insertional element (IE), repeat unit of pneumococcus (RUP), spacing sequence (SS), and a core promoter sequence that was previously defined in type-4 strain TIGR4 by Shainheit et al. 14 . The core promoter contains the predicted − 10/− 35 promoter motifs and the transcriptional start site 14 . Our previous study showed that the 17-gene cps locus in strain D39 is transcribed as an operon from the cps promoter region of the cps2A; the full transcription of the cps genes requires not only the core promoter, but also the other upstream modules (e.g., IE, RUP, and SS) 12 .
Based on sequence variation in the cps promoter region, Moscoso et al. identified 26 sequence organizations (SOs) from the sequences of the cps promoter from 115 S. pneumoniae sequence entries; the majority of the SOs consists of one or more IEs, a RUP, and a conserved sequence (covering the core promoter and spacing sequence) 13 . However, it remains completely undefined whether the inter-strain allelic variations in the cps promoter region have any impact on pneumococcal encapsulation and virulence. In this study, we performed a comprehensive sequencing analysis of the cps promoter region in 225 invasive isolates of S. pneumoniae. Among the cps promoter variants of these isolates, our data revealed: 1) extensive variations in sequence and size, 2) mosaic combinations of nucleotide polymorphisms and sequence modules, 3) selective preservation of the sequence combinations, and 4) promiscuous assortments of the promoter sequences with those of the coding region. Functional analysis of the selected promoter sequences uncovered significant impact of the allelic variations in this region on the transcription of the cps genes, capsule production, adhesion to host epithelial cells, anti-phagocytosis and virulence in isogenic pneumococcal backgrounds. These data indicate that the allelic variations in the cps promoter serve as a novel mechanism for modulating the amount of pneumococcal capsule, pathogen-host interaction and virulence.
Results
The cps promoter of invasive pneumococcal isolates contains distinctive combinations of nucleotide polymorphisms and sequence modules. There are extensive strain-to-strain sequence variations in the cps promoter region of S. pneumoniae, or the intergenic region between the dexB and cpsA genes 12, 13 . However, it remains completely unclear whether the promoter allelic variations are relevant to the biological behaviors of this pathogen, particularly to its encapsulation and virulence. This study attempted to evaluate potential pathobiological impact of the promoter polymorphisms in invasive pneumococci. Because many existing sequence entries of the cps promoter in the public databases did not provide the necessary background information of the source strains (e.g., serotype and tissue/geographic source), which was essential for our investigation of invasive pneumococci, we performed sequencing analysis of the cps promoter region from 225 invasive isolates of S. pneumoniae. These isolates represented at least 30 capsular serotypes (1, 4, 6A, 6B, 7F, 8, 9A,  9V, 10, 10A, 11, 12F, 14, 15A, 15B, 15C, 16F, 18C, 19A, 19F, 20, 22F, 23B, 23F, 29, 33, 33F, 34 , and 35B), including the vast majority of the serotypes covered by the current pneumococcal vaccines 15 . Because the capsule genes of the type-3 strains are completely different from and not comparable with those of all the other types, our sequence analysis focused only on the non-type-3 isolates.
These isolates displayed various levels of sequence variations in the cps promoter region, reflected by differences in the arrangement of sequence modules, molecular size, and nucleotide polymorphisms ( Fig. 1 and Fig. S1 ). As represented in Fig. 1A , there were several unique arrangements of sequence modules (e.g., IE, RUP, SS, and core promoter) in this region. All of the sequences contained a relatively conserved segment in the 3′ ends (approximately 85 bp) although polymorphisms were still present virtually in all of the strains. This region consists of a partial SS module (~26 bp), the core promoter (~35 bp), and the ribosome binding site-containing 5′ untranslated segment (~24 bp) (Fig. 2) . The upstream IE, RUP, and 5′ SS modules are highly variable in sequence and arrangement, which were responsible for the diversity in the size among the cps promoter variants. The RUP module was present in the vast majority of the invasive isolates, but its relative position was not a constant ( Fig. 1) . RUP was positioned between the IE and SS modules in the vast majority of the isolates (Fig. 1A, rows 1-3 ), but it was also found upstream of the IE module in certain isolates (Fig. 1A, 9N, 14-1, and 20) . RUP was entirely absent from 20 out of the 225 invasive isolates (9%) tested in this work.
The cps promoter sequences of many isolates also exhibited remarkable differences in molecular size, particularly in the IE and RUP modules. IE represents the most variable segment in the cps promoter region, ranging from > 200 bp to < 3,000 bp, and is primarily responsible for the size differences among the isolates. The longest promoter sequence (3,862 bp) was identified in type-6B isolate TH2882 (Fig. 1A, 6B-1) , which is identically present in the genome of strain 670-6B (accession CP002176). Although this sequence was highly divergent from the counterparts of many other strains due to its long IE and lack of the RUP module, it is structurally similar to that of type-11A strain TH4849 (Fig. 1A, 11A ; 2,418 bp). The latter lacked a 5′ insertion element (1,441 bp) of strain TH2882, which was responsible for the size difference between the two sequences. The sequence from type-35B isolate TH2733 had the shortest sequence (560 bp in size) (Fig. 1A, type-35B ). This sequence consisted of an extremely truncated IE module (192 bp), a 107-bp RUP, a 61-bp spacing sequence, and the core promoter.
Intriguingly, there is no apparent association between the capsule types and the modular/sequence features of the cps promoter. First, the cps promoter sequences from the strains within the same serotype could be as divergent as those from the strains with different capsular types. As exemplified in Fig. 1B and Fig. S2 , the cps promoter sequences from the five type-6B strains remarkably differed in size and modular arrangement. For example, the sequence of strain TH2882 (Fig. 1B , 6B-1) was 2-3 times larger than those of the other 6B strains. Instead, this sequence is more similar to the cps promoter sequence of type-11A strain TH4849 (Fig. 1A, 11A ). Along this line, unlike the other type-6B isolates, strain TH2787 (Fig. 1B, 6B -2) positioned its RUP module in front of the IE module, resembling the modular structure of the promoter sequences in the type-9N, -14, and -20 strains (Fig. 1A) . Second, pneumococcal strains with different types of the capsule carried similar promoter sequences in the capsule locus. As exemplified in Fig. 1C and Fig. S3 , the capsule locus in strains of types 6B (6B-3, 6B-5), 9V, 14, 16F, 19F, and 23F possessed highly homologous promoter sequences as reflected by their similarities in molecular size and modular arrangement. Promiscuous assortments of the promoter sequences with those of the coding region in these invasive isolates implicate that the promoter and coding regions of the cps locus are able to undergo independent assortments by horizontal gene transfer through natural genetic transformation.
Lastly, there are many minor polymorphisms throughout the four basic modules of the entire promoter among these isolates, which include nucleotide replacements, insertions, and deletions (Fig. 2, Figs S2 and S3) . Interestingly, some of the sequence changes occurred in the predicted -10 promoter motif, although the vast majority of the isolates had a sequence of 5′ -TATAAT-3′ . However, these nucleotide polymorphisms in the cps promoter, as well as the arrangements of the sequence modules, are individually shared by many isolates although the combinations of these changes resulted in the mosaic pattern. These lines of evidence suggest that the allelic variations in the cps promoter have been maintained and shared by the pneumococcal strains as a function of selective pressure in humans. Taken together, our sequencing result has uncovered extensive variations in sequence and modular structure of the cps promoter. The sequence and modular features of the cps promoter are not associated with the boundary of the capsular types (the coding region in the capsule locus), suggesting that the promoter and coding regions of the cps locus are able to undergo independent assortments by horizontal gene transfer through natural genetic transformation. Strain-to-strain sequence variations in the cps promoter of the major invasive pneumococcal disease (IPD) types alter the transcription of the capsule genes. Our recent study has shown that the full transcription of the cps operon and capsule production depend on the four sequence modules in the cps promoter region 12 . Based on the extensive sequence variations in these promoter modules, particularly in the IE and RUP (Fig. 1) , we hypothesized that the inter-strain sequence polymorphisms in the cps promoter affect the transcription of the capsule gene operon. To test this possibility, we initially determined the transcriptional activity of the cps promoter sequences from the strains representing the 22 major IPD serotypes in the pneumococcal vaccines using a luciferase-based transcriptional reporter system. The entire sequence between the dexB stop codon and cpsA start codon was amplified by PCR from each target strain using the same primer pair (except for the sequence in the type-3 strain), fused to the upstream of the luciferase gene in the pIB166 shuttle plasmid, and transformed into D39, a type-2 virulent Avery strain 16 . The type-3 cps promoter was amplified with the primer sequences in the upstream region of the ugd (cps3D) gene 9 . The relevant information for the reporter construction is provided in Table S2 .
When compared with the luciferase activity of the type-2 cps promoter (as a reference), the cps reporter constructs showed variable levels of transcriptional activity ( Fig. 3A and Table S4 ). The type-3 construct showed the highest transcription activity among all of the 22 cps reporters with a 6.58-fold increase above the reference level. Although the margins of the variations were relatively small, 10 additional reporters displayed relatively lower levels of luciferase activity, such as those of types 1 (21 . The IE module is not fully presented due to their extensive sequence differences and space limit. Partial IE module is included for each of the strains lacking the RUP module immediately upstream of the SS module. The promoter motifs (− 10 and − 35), transcriptional start site identified in type-2 strain D39 12 , cpsA start codon (SC) were indicated at the both of the second panel.
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We subsequently sought to verify the transcriptional impact of the cps promoter sequence polymorphisms with a series of isogenic promoter replacement derivatives of strain D39, with a focus on the promoter sequences displaying significant differences in the reporter test (Fig. 3A) . The replacement strains were constructed by individually replacing the dexB-cps2A region of D39 with the corresponding region from the target strains through counter selection. The transcriptional activities of the "transgenic" promoters were assessed by determining the mRNA levels of cps2A and cps2E in the resulting D39 derivatives by quantitative real-time PCR (qRT-PCR). The cps2A and cps2E were previously used as the transcriptional readouts of the cps operon 12, 14 . The cps2A primers revealed significant differences between the type-2 and all of the 12 cps promoter sequences except for those of types 18C, 22F, and 33F (Fig. 3B) . The cps2E amplification identified much fewer significant hits with significant differences in 6 of the 12 cps promoter sequences (types 3, 8, 14, 19A, 19F , and 23F) (Fig. 3C) . Consistent with the luciferase reporter data, the strain containing the type-3 promoter displayed the highest transcription levels of both cps2A (by 1.76-fold) and cps2E (by 1.54-fold). Although the overall transcriptional patterns of the cps2A and cps2E were similar for most of the cps promoter replacement strains, discrepancy was observed with the cps2A and cps2E results with the strains containing the csp promoter sequences of types 1, 4, 6B, and 11A. As compared with the parent strain, these strains showed significantly higher levels of cps2A ( Fig. 3B ) but not cps2E (Fig. 3C ). Given both cps2A and cps2E are co-transcribed 12 , this discrepancy may reflect uneven degradation of different regions in the cps mRNA. As exemplified by the cps promoter sequence of types 1, 4, 6B, 11A, 14, 19A, 19F, 22F, 23F, and 33F, we also observed apparent inconsistency between the results of the luciferase reporter and qRT-PCR experiments, which could be caused by relative stability of the luciferase reporter as compared with the fast degradation of the cps mRNA as indicated in our previous Northern blotting analysis 12 . Taken together, the transcriptional reporter and qRT-PCR experiments showed that certain inter-strain/type sequence variations in the cps promoter lead to significant changes in the transcription of the capsule locus. (A) Assessment of promoter activity by a luciferase reporter. Each promoter sequence was fused to the 5′ end of a promoterless luciferase gene in the pIB166 shuttle plasmid, and transformed in strain D39. The promoterless plasmid (vector) was used as a negative control. Transcriptional activity of each cps promoter sequence was quantified by measuring luminescence level of the mid-log culture inoculated with the pneumococci carrying the appropriate reporter construct. Each reporter was identified with the serotype of its source strain. The sequence of the first strain was used for each of the serotypes with multiple strains listed in Fig. 1 . The values represent the percent luciferase activities of the reporters relative to the luciferase activity readout of the D39 (first bar) promoter construct. (B) The qRT-PCR readouts of the cps2A transcripts from the promoter replacement D39 derivatives of 13 IPD serotypes. The promoterless derivative TH4525 described in our previous study was used as a negative control. The mRNA levels were presented as relative values to that of D39s. (C) Same as panel B, except that cps2E was tested. The sequence of the first strain was used in both the luciferase and promoter replacement experiments for each of the serotypes with multiple strains listed in Fig. 1 . The values were the means ± standard errors of the results from triplicate samples as compared with those of the type 2. *p < 0.05, * * < 0.01 and ***< 0.001.
Inter-type sequence polymorphisms in the cps promoter of the major IPD types alter the level of the pneumococcal encapsulation. Significant differences in the transcriptional capacity among the cps promoter sequences promoted us to determine whether these inter-strain/type sequence variations affect pneumococcal capsule production. The CPS level of the promoter replacement strains was determined by immunoblotting with an antibody against type-2 pneumococcal CPS. This experiment showed dramatic differences among most of the promoter replacement strains in the level of the capsule production ( Fig. 4A ). Consistent with its stronger transcriptional capacity (Fig. 3) , the type-3 promoter produced the highest level of CPS, which was 71% higher than that of strain D39s (Fig. 4B ). The 18C promoter also yielded 50% more CPS than the parent strain although no significant difference in the transcriptional capacity was detected between the two strains ( Fig. 3) . In contrast, significantly lower levels of the CPS were detected in the promoter replacement strains of types 6B (32%), 8 (20%), 11A (23%), 14 (55%), 19F (45%), 22F (33%), 23F (23%), and 33F (13%) (Fig. 4B) . Importantly, each of these promoter sequences yielding the lower CPS production is also carried by many other strains from multiple capsular serotypes. For example, the sequence of the type-33F cps promoter used in this work shares the same modular structure and highly similar sequence with those of the strains representing at least 23 different capsular types (e.g., 6B, 7B, 10B, 10F, 12B, 12F, 14, 15A, 18B, 18C, 19F, 19B, 19F, 23A, 23F, 27, 29, 44, 46, 28F, 33A, 35A, and 35B).
The reduced CPS production in these reporter strains could be explained by the relatively lower transcription capacity of the corresponding cps promoters in the luciferase reporter and/or qRT-PCR experiments. Overall, the immunoblotting results were more consistent with the data obtained by the luciferase reporters (Fig. 3A) , suggesting this is a more robust predictor of the capsule production. Together with the transcriptional detection results, the immunoblotting data indicated that the sequence polymorphisms in the cps promoter are capable of generating remarkable diversity in the transcription of the capsule genes and pneumococcal capsule production.
Inter-type sequence polymorphisms in the cps promoter of the major IPD types modulate pneumococcal pathogenic properties. The pneumococcal capsule hinders bacterial attachment to mammalian cells 17 . We reasoned that pneumococcal adhesion to epithelial cells may be affected by variations in the level of encapsulation. We first compared the levels of epithelial adhesion among the isogenic promoter replacement strains. As a control, the cps promoter-null strain showed a 60-fold more adhesion than the encapsulated parent strain (D39s) (Fig. 5A) , confirming the blocking effect of the capsule on pneumococcal binding to host cells likely through masking the adhesive molecules on the cell surface. Consistent with the relatively thicker capsule (Fig. 4) , the strains carrying the cps promoters of types 14 (by 4-fold) and 19F (by 3.6-fold) showed significantly higher levels of adhesion than the parent strain. To less extents, significant increase in adhesion was also observed with the strains carrying the promoters of types 4, 6B, 8, 19A, 22F, and 23F. Surprisingly, the strain with the lowest CPS production (33F) did not show the anticipated (highest) level of adhesion. Along the same line, the type-3 and -18C promoter strains did not show expected reduction in adhesion based on their CPS production levels. Nevertheless, this result demonstrated that certain inter-type sequence variations in the cps promoter lead to significant phenotypic impact on pneumococcal adhesion.
It is believed that inhibiting pneumococcal attachment to host phagocytes is a major mode of action for the capsule 5 . We thus determined potential impact of promoter sequence variations on pneumococcal phagocytosis Figure 4 . Detection of CPS production in D39s and its cps promoter replacement derivatives. The CPS of the pneumococci was assessed by immunoblotting using an antiserum specific for the type-2 CPS signal (A). The signal intensity on each spot was digitized with ImageJ and normalized to the corresponding value of D39s (B). The value of each bar was the mean ± standard error of the result from all of the detectable spots (> 3) for each sample after considering dilution factors and being compared with the type-2 parental strain. * p < 0.05, * * < 0.01 and * * *< 0.001.
in the RAW 264.7 murine macrophage. As a control, the encapsulated mutant showed substantial increase in phagocytosis (Fig. 5B, null) , although the extent of the increase (18%) in phagocytosis was much less than in epithelial adhesion (Fig. 5A ). In agreement with the capsule production (Fig. 4) , the strains with the type-3 and -18C promoters showed relatively lower levels of phagocytosis, whereas those with the cps promoters of types 6B, 11A, and 19F displayed significantly enhanced uptake by the macrophages. The phagocytosis in the types 8, 14, and 22F strains could not be explained simply by their CPS levels (Fig. 4 , Table S4 ). We next assessed the relative virulence of these strains by intraperitoneal co-infection of CD1 mice with a 1:1 mixture of D39 and one of the promoter replacement strains. The level of viable bacteria in the bloodstream of mice (bacteremia) 21 h postinfection was used as a marker for pneumococcal virulence. The wild type D39 (streptomycin sensitive) was used as a reference strain in the co-infection experiments for the purpose of differentiating the parent strain from its streptomycin-resistant derivative of D39s. The streptomycin-resistant derivative of D39 (D39s) was slightly attenuated in this mouse model because the ratio between the mutant and wild type bacteria recovered from each co-infected mouse was approximately 0.5:1 (~50% attenuation). All (Fig. 5C ). In agreement with the CPS immunoblotting result, seven of the eight strains with reduced CPS (except for type-14) displayed significant attenuation in the bacteremia model (types 6B, 8, 11A, 19F, 22F, 23F, and 33F). Among these, the type-33F reporter exhibited the most severe attenuation (by 6,249-fold), which was also the poorest CPS producer (Fig. 4) . The remaining six strains showed much less but significant attenuation (types 23F by 10.5-fold, 22F by 9-fold, 19F by 4-fold, 11A by 3.6-fold, 8 by 2-fold, and 6B by 1.3-fold). Consistent with the 50% increase in CPS production over the parent strain, the strain carrying the type-18C promoter showed a 4.3-fold enhancement in bacteremia level. This result suggested that pneumococcal growth in the bloodstream is proportionally enhanced by the CPS level. Contradictory to this notion, the type-3 reporter strain was dramatically attenuated by 451-fold although it synthesized 71% more CPS over the parent strain (Fig. 4) , indicating that excessive production of the capsule is detrimental to pneumococcal fitness during the systemic infection. Consistent with our previous study 12 , D39s (the parent strain) showed a minor attenuation in virulence as compared with the wild type D39 (1-fold reduction), which was factored in our calculation of the final CI values. Finally, no viable bacteria were recovered from any of the 12 mice infected with the cps promoter-null strain TH4525 (Fig. 5C) , confirming the essentiality of the capsule in pneumococcal virulence. These data demonstrated that many allelic variants of the cps promoter in the major IPD serotypes are able to generate profound phenotypic diversity in the capacity of pneumococcal virulence.
Inter-strain polymorphisms in the type-6B cps promoter alter the levels of pneumococcal encapsulation, epithelial adhesion, anti-phagocytosis and virulence in the D39 background.
As exemplified in Fig. 1B , our earlier sequencing analysis revealed extensive inter-strain sequence variations in the cps promoter within many pneumococcal IPD serotypes, including type-6B. Based on the striking phenotypic impact of sequence variations in the cps promoter among the strains representing the major IPD serotypes, we further determined whether this functional influence operates among the cps promoter sequences within type-6B, because type-6B is a major international IPD serotype in both children and adults 1 , and was abundantly represented in the IPD strains that were sequenced in this study.
We initially generated reporter derivatives of strain D39s for the five cps promoter sequences of type-6B (represented in Fig. 1B, Fig. S2 ). These sequences were selected because they represented the diversity of the cps promoter, in terms of nucleotide sequence, size, and modular arrangement. The sequences between the dexB and cps6BA of type-6B strains were amplified from genomic DNA samples of five original 6B strains (Table 1) , and used to generate the unmarked promoter replacement derivatives in D39s by counter selection as described in Fig. 3 . The cps transcriptional activity and capsule production of each promoter replacement strain were assessed by qRT-PCR and immunoblotting, respectively. The strain carrying the longest type-6B cps promoter (Figs. 1B, 6B-1) was used as a reference for comparative analysis.
The qRT-PCR analysis of the cps2A (Fig. 6A) and cps2E (Fig. S4A) transcripts showed a comparable transcription activity for four of the five type-6B cps promoter sequences (6B-1, 6B-2, 6B-4, and 6B-5). The strain carrying the 6B-3 promoter sequence had significantly higher levels in the cps2A (by 41%) and cps2E (by 55%) transcription. However, the immunoblotting analysis revealed that this strain along with 6B-3 and 6B-5 produced substantially lower levels of CPS than strains 6B-2 and 6B-4; strain 6B-1 produced the least amount of CPS (Fig. 6B) . The slightly more transcription of the cps genes in strain 6B-3 did not result in more CPS. The results obtained with the five type-6B cps promoter sequences thus confirmed the earlier immunoblotting analysis (Fig. 4) that inter-strain sequence variations in the cps promoter lead to significant functional impact on the capsule production of S. pneumoniae.
We further determined the effect of the type-6B cps promoter polymorphisms on pneumococcal adhesion, phagocytosis and virulence. Consistent with the immunoblotting results, strain 6B-1 with the lowest CPS showed a small but significantly higher level of epithelial adhesion to A549 cells than the rest of the five strains (by 30-50%) (Fig. 6D) , verifying that the pneumococci with a thinner capsule are more capable of attaching to host cells. To our surprise, the 6B-2 and 6B-3 strains showed significantly enhanced phagocytosis in the RAW 264.7 murine macrophages ( Fig. 6E and Table S4 ), suggesting that this phagocytosis model is not suitable for assessing capsular impact on pneumococcal phagocytosis. In full concordance with their encapsulation levels, the type-6B cps promoter replacement strains displayed two different levels of virulence in the mouse bacteremia model (Fig. 6F) . The two strains producing thicker capsules (6B-2 and 6B-4) were much more virulent than the three counterparts with relatively lower levels of CPS (6B-1, 6B-3, and 6B-5). Specifically, the mice infected with strains 6B-2 and 6B-4 had 27.8-and 55.2-fold more pneumococci in the bloodstream than the 6B-1-infected animals, respectively. These results demonstrated that the sequence polymorphisms in the cps promoter among the strains of the same serotype significantly affect pneumococcal adhesion and virulence.
Inter-strain polymorphisms in the type-6B cps promoter diversify pneumococcal encapsulation, epithelial adhesion, anti-phagocytosis and virulence in the ST858 (type-6B) background. To rule out potentially strain-specific effect in the experiments conducted in the D39 background (Fig. 6) , we placed the same sets of the type-6B cps promoters in the dexB-cps6BA intergenic region of strain ST858, a virulent type-6B blood isolate and the natural carrier of the 6B-5 cps promoter (Fig. 1B) . The cps promoter replacement derivatives were generated in strain ST858 as in D39. The resulting strains were used to characterize their activities in the cps gene transcription, type-6B capsule production, epithelial adhesion, anti-phagocytosis and virulence as described above. The strain carrying the 6B-1 cps promoter was used as a reference for comparison. The qRT-PCR analysis revealed similar levels of the cps6BA and cps6BE transcripts among the five promoter replacement strains ( Fig. 7A and Fig. S4B ). This result was comparable with what was observed with the D39 derivatives of the same cps promoter sequences, with the exception of the 6B-3 construct (Fig. 6A and Fig. S4A) . However, the immunoblotting test showed that the 6B-1 and 6B-2 strains were more abundantly encapsulated than the other three Scientific RepoRts | 6:30176 | DOI: 10.1038/srep30176 promoter replacement strains (6B-3, 6B-4, and 6B-5). The profile of epithelial adhesion was similar to that of the CPS production, except for the 6B-4 strain (Fig. 7D) . The 6B-4 promoter yielded 3.7-fold more adhesion than the reference strain. In agreement with epithelial adhesion, the 6B-4 and 6B-5 strains displayed substantially changed phagocytosis in the RAW 264.7 murine macrophage ( Fig. 7E and Table S4 ), but the phagocytosis result of strain 6B-3 was opposite to the epithelial adhesion data (Fig. 7D-E) , which could be caused by potential bacterial killing in the RAW 264.7 cells during the assay. Because the 6B-4 promoter resulted in comparable adhesion with the other four promoters in the D39 background (Fig. 6D) , this result suggested that this sequence may be involved in background-specific pneumococcal interactions with host cells.
We finally assessed the functional impact of the type-6B cps promoter polymorphisms on the virulence of strain ST858 in the mouse bacteremia model. The streptomycin-resistant derivative of ST858 (ST858s) was slightly attenuated in this mouse model because the ratio between the mutant and wild type bacteria recovered from each co-infected mouse was approximately 0.5:1 (~50% attenuation). As in the D39 background (Fig. 6F) , the same type-6B promoter sequences yielded distinct levels of bacteremia in ST858 (Fig. 7F) . While the 6B-1 and 6B-2 strains showed a similar levels of bacteremia, significantly lower levels of bacteremia were observed with the counterparts carrying the other three promoters. As compared with strain 6B-1, 6B-3 (by 16-fold), 6B-4 (by 4.3-fold), and 6B-5 (by 2.3-fold) were substantially attenuated in the capacity of growth in the bloodstream. As a control, the promoterless mutant of ST858 was totally avirulent (without any detectable pneumococci from the blood of the infected mice). The virulence level of each ST858 derivative was in concordance with the amount of the CPS that was detected in the in vitro cultured pneumococci. These results demonstrated that the promoter sequence polymorphisms in the cps locus of type-6B strains are capable of diversifying the amount of capsule, epithelial adhesion, anti-phagocytosis and virulence in the type-6B genetic background of S. pneumoniae.
Discussion
The polysaccharide capsule is an outer layer of S. pneumoniae, which is essential for immune evasion and virulence of this pathogen. However, due to selection pressure by host immunity, the capsule locus is subjective to extensive sequence variation and antigenic variation through horizontal gene transfer-mediated sequence shuffling 9, 18 . While it is well recognized that sequence diversity in the coding region of the capsule locus defines serotypes 5, 8 , the inter-strain sequence variations in the cps promoter have been largely ignored thus far. This work represents the first comprehensive investigation into the functional impact of this region. Our sequencing analysis of 225 invasive pneumococcal isolates uncovered several intriguing features in the promoter region of the capsule locus: extensive sequence polymorphisms, differential arrangements of the sequence modules, promiscuous assortments of the promoter with the coding region, and selective preservation of the sequence polymorphisms. Subsequent experiments with unmarked promoter replacement strains in two genetic backgrounds showed that the allelic variations in the cps promoter generate profound phenotypic diversity in pneumococcal pathobiology.
Capsule is a common structure of many pathogenic bacteria 19 . At the cellular level, the amount of capsule may be controlled by transcriptional regulators in response to environmental conditions, as exemplified in Bacillus anthracis 20 , E. coli [21] [22] [23] , Pseudomonas aeruginosa 24 , and Streptococcus pyogenes 25 . At the population level, capsule production can be modulated by reversible sequence insertion/deletion in the capsule genes in N. meningitidis group B strains [26] [27] [28] , reversible amplification of the capsule locus in the type-b Haemophilus influenzae [29] [30] [31] , or insertion of the JUMPstart sequence in the capsule promoter of E. coli 32, 33 . The capsule level of pneumococcal serotypes/strains is reversibly affected by spontaneous mutations in the capsule genes [34] [35] [36] [37] , but it remains unknown if the capsule promoter of S. pneumoniae is subjective to transcriptional regulation at the cellular level. In this context, our finding in this study represents a unique mechanism for generating strain-to-strain variations in capsule production at the species level by diversifying the sequence and thereby transcriptional capacity of the cps promoter.
Our immunoblotting analysis detected significant variations in the level of CPS among the isogenic promoter replacement derivatives in two different strain backgrounds (D39 and ST858). As examples, the promoter variants of types 8, 11A, 23F, and 33F produced up to 7-fold less CPS than the counterparts of other promoter variants (e.g., types 1, 2, 4 and 19A) in the D39 background. This pattern of phenotypic fluctuation was also observed among other promoter variants from different capsular types (inter-type). Further analysis of the type-6B promoter variants in both D39 (type-2) and ST858 (type-6B) also confirmed that the strain-to-strain sequence variations in the cps promoter of the same serotype (6B) generate significant diversity in the level of encapsulation. Our finding thus strongly suggests that the variability in the promoter sequence among pneumococcal strains serves as a novel mechanism for quantitative diversification of the capsule at the species level. As a cover of the pneumococcal cells, the capsule directly interacts with various host cells and molecules for many fitness purposes, such as acquisition of nutrients, adhesion to mucosal epithelium, evasion of molecule-and cell-based bacterial clearance mechanisms, and recruitment of foreign DNA for natural genetic transformation. Electrostatic repulsion conferred by negative charge of the polysaccharide capsule is the critical for proper dispersion of pneumococcal cells and resistance to nonopsonic killing by human neutrophils for optimal colonization and immune evasion 38, 39 . It is known that different types of the capsule significantly vary in magnitude of negative charge and other properties [39] [40] [41] [42] , which is consistent with uneven prevalence of various pneumococcal serotypes 39 . Multiple studies have also shown that the level of encapsulation significantly affects pneumococcal capability of nasopharyngeal colonization and virulence 38, 43, 44 . In this literature context and the profound effect of the promoter sequence variations on the level of encapsulation in this study, we hypothesize that the pneumococci within the same serotypes can behave differently in humans when the same type-specific genes of the capsule locus are naturally driven by different promoter variants. This hypothesis is also supported by our observation that the isogenic cps promoter variants of S. pneumoniae differed in epithelial adhesion, anti-phagocytosis and virulence. This notion explains why the strains within the same serotypes can differ remarkably in epithelial adhesion, anti-phagocytosis and virulence 17, 45, 46 . The variations among the cps promoter variants in the amount of capsule are mostly consistent with their differences in transcriptional capacity as best exemplified by the type-3 and -8 promoter sequences. These two sequences consistently yielded the highest (type-3) and lowest (type-8) values in both the transcription activity and capsule amount. We thus conclude that the differences among the promoter variants in the capsule production are caused by their variations in the transcription of the capsule genes. Our previous study revealed that all of the four sequence modules (IE, RUP, SS, and core promoter) in the cps promoter are necessary for the full encapsulation and virulence of strain D39, particularly the SS and core promoter modules 12 . Therefore, sequence variations in any of the sequence modules may alter the transcriptional capacity of the promoter. As illustrated in Fig. 1 , there are many nucleotide insertions/deletions and/or multiple arrangements of the sequence modules among the cps promoter variants. Although it remains to be defined whether and how each of the sequence changes in the cps promoter contributes to the diversification of the cps gene transcription and pneumococcal encapsulation, our data have provided a functional foundation for future investigation into pathobiological implications of these promoter variants in pneumococcal fitness and evolution in the different environmental contexts.
Some of the isogenic promoter variants in two genetic backgrounds showed striking differences in virulence in the mouse bacteremia model. As manifested by the type-33F promoter, the bacteremia levels between the isogenic promoter variants can be different by several orders of magnitude. Similar inter-promoter differences in virulence were also observed in the type-6B promoter variants in both the D39 and ST858 backgrounds. These results indicated that the pneumococcal strains within the same serotypes are able to display various levels of virulence and likely other pathobiological traits if their type-specific genes are driven by different promoter variants. Consistent with the importance of the capsule in virulence, the extent of heterogeneity in virulence among the isogenic promoter variants largely parallels with the degree of encapsulation with certain exception. The type-33F promoter replacement strain produced the thinnest capsule and displayed the weakest virulence phenotype among the promoter variants tested thus far. Similarly, other relatively weaker promoters (e.g., types 6B, 8, 11A, 19F, 22F, and 23F) also yielded remarkably low levels of virulence. Because similar promoter sequences are widely shared by the strains of different serotypes, it is reasonable to predict that the pneumococcal strains with these types of promoters belong to the low virulence category. While the capsular types have been associated with the virulence levels of the pneumococci, this work suggests that the promoter type is a new determinant of the capsule-associated virulence phenotype.
The sequence variations in the cps promoter consist of minor polymorphisms (e.g., nucleotide replacements, insertions and deletions) and major modular insertions/deletions. While the former is likely to be caused by spontaneous sequence drift, the modular insertions/deletions appears to be originally achieved by acquisition/ loss of multiple mobile elements (the RUP and IE modules). The highly mosaic but nonrandom nature of the sequence polymorphisms in the cps promoter indicate that most, if not all, of the variations have been maintained and shared by the pneumococcal strains as a function of selective pressure in humans.
Many selective factors may have contributed to the heterogeneity of the cps promoter sequence. For example, mucosal epithelial environment may favor the pneumococci with weak cps promoter variants, and thereby a relatively thin capsule for efficient colonization. Similarly, it is possible that adaptive immunity specific for the CPS preferentially targets the abundantly encapsulated pneumococci, thus selecting for those with relatively weak cps promoter variants. It is thus tempting to postulate the pneumococci with a thin capsule may be better equipped for evasion of the vaccine-induced adaptive immunity and/or vaccine replacement 47, 48 . Conversely, the pneumococci with the stronger cps promoter variants may have advantages in cellular dispersion and evasion of non-opsonic phagocytic killing. Magee et al. show that type-3 pneumococcal mutants with a thin capsule (approximately 20% of the parent strain) are able to achieve adequate nasopharyngeal colonization but unable to cause systemic infection 43 . Other studies have shown that quantitative differences in the amount of capsule significantly contribute to the fitness advantages and disadvantages of the opacity phase variants of S. pneumoniae in colonization and systemic infection models 38, 44, 49 . S. pneumoniae is famous for its ability to modify the genetic content by acquiring foreign DNA through natural genetic transformation 18, 50, 51 . The diverse but conserved nature of the cps promoter among the invasive isolates in modular arrangements and sequence polymorphisms indicates that the allelic variations in this region is enriched by shuffling the entire or partial sequences across the strains of this species by natural genetic transformation. The lack of strict association between the promoter variants and serotypes also implies that the promoter and coding regions of the capsule locus are able to undergo independent recombination during natural transformation events. It is thus reasonable to envision that sampling of an exogenous DNA molecule containing the complete sequence of the capsule locus may lead to at least three different recombination outcomes (Fig. 8) .
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First, homologous recombination(s) mediated by the common sequences in the dexB and aliA regions may lead to complete replacement of the original capsule locus with the incoming sequence, and thereby gain a new type of capsule (serotype replacement). Second, the conserved sequences in the dexB and common cps genes (e.g., cpsABCD) may facilitate alternative recombination(s) only in the promoter region. This type of recombination would only alter the thickness but not antigenic/chemical properties of the original capsule. Lastly, homologous recombination(s) may also occur in the type-specific genes, which would retain the original promoter sequence but switch the capsule type. This type of promiscuous assortment between the promoter and coding regions of the capsule locus can generate additional level of phenotypic diversity in different populations (or strains), in addition to the well-know capsule type switch in this species. In the evolutionary perspective, our finding has provided exciting evidence to ultimately uncovering the mystery of pneumococcal resilience in the era of antibiotic and vaccine.
Materials and Methods
Bacterial strains, cultivation, and chemical reagents. The bacterial strains used for studying the cps promoter variants in this study are listed in Table 1 or Fig. S1 . The 225 clinical isolates of S. pneumoniae used for sequence analysis of the cps promoter variants were obtained from the existing collections of the anonymized bacterial strains in the US CDS and individual Chinese hospitals. All of the isolates were originally isolated from normally sterile sites (e.g. blood, cerebrospinal fluid -CSF) of human patients. The US isolates (n = 47) were provided by the Active Bacterial Core surveillance (ABCs)/Emerging Infections Programs (EIP) Network of the US CDC, Atlanta, USA. The Chinese isolates (n = 178) were prospectively collected by the Fourth Military Medical University affiliated Xijin Hospital, Beijing Children's Hospital, and China CDC, Beijing. The experiments associated with the use of these strains were carried out in accordance with the principles in the Chinese law for scientific experimentations with human materials and approved by the Institutional Review Board for human studies Alternative recombination driven by the homologous sequences in the dexB region and common capsule genes (e.g., cpsABCD) may lead to the replacement of the promoter region but not the type-specific genes, altering the transcription of the capsule genes and level of encapsulation depending on the transcription capacity of the incoming cps promoter (middle panel). The last recombination potential occurs in the common genes and the aliA region, allowing the recipient cell to capture only the type-specific genes and produce a new capsule from the original promoter (right panel).
at Tsinghua University. The serotypes of the isolates were either previously characterized (for the US isolates) or determined by a multiplex PCR-based approach (for the Chinese isolates) 52 . S. pneumoniae was cultured in Todd-Hewitt broth with 0.5% yeast extract (THY) or on tryptic soy agar (TSA) plates with 3% defibrinated sheep blood at 37 °C with 5% CO 2 as described 53 . Growth feature of D39 derivatives were determined in the THY broth as described previously 12 . Escherichia coli DH5α was used for constructing the reporter plasmids. All restriction enzymes and chemicals were purchased from New England Biolabs (NEB, Beijing, China), and Sigma-Aldrich (Shanghai, China) respectively unless otherwise stated.
DNA sequencing analysis. The cps promoter region, or the intergenic region between the 3′ dexB and 5′ cpsA, of all the isolates except for the type-3 strains, was amplified with primers Pr7524 and Pr7525 9 . The promoter region of the type-3 isolates was amplified with primers Pr7662 and Pr8138. The sequences of the PCR products were determined by the ABI sequencer and analyzed by BLAST and relevant components of the DNAstar's Lasergene package (version 10). The GenBank accession numbers for the cps promoter sequences used in the promoter replacement experiments are listed in Table 1 .
Construction of transcriptional reporter constructs and luciferase assay. Luciferase reporter constructs of the cps promoter were generated in pIB166 shuttle plasmid as described 12 . The sequence between the stop codon of dexB and ribosomal binding site of cpsA was amplified from the genomic DNA of each target pneumococcal strain, and cloned in the ApaI/BamHI site of pTH3932 12 , a derivative of pIB166 54 containing the promoterless firefly luciferase gene. The insert sequence in each recombinant plasmid was verified by DNA sequencing. The resulting plasmids and primers/source strains used to prepare them are listed in Table 1 . Luciferase assay was performed as described previously 12 . Briefly, a pellet from 100 μ l original culture was suspended in 400 μ l phosphate-buffered saline (PBS), pH 7.4; a fraction out of the suspension (20 μ l) was placed into a Corning NBS 96-well white plate with clear bottom. Subsequently, luciferase substrate (100 μ l; Promega, Madison, WI) was added to each well to allow the monitoring of luminescence. Each reporter construct was tested at least three separate times. The results of representative experiments are presented as means of three replicates ± standard errors.
Construction of pneumococcal mutants. All unmarked deletions and sequence replacements in
S. pneumoniae strains were carried out with the Janus cassette (JC)-mediated counter selection as described previously 55 . Strains D39s (an streptomycin-resistant derivative of D39), TH4702 (D39s-Δ Pcps::JC, a cps-promoter JC-replacement derivative of D39s), TH4525 (TH4702-Δ Pcps, a cps-promoter unmarked deletion derivative of TH4702) were previously constructed 12 . The unmarked cps promoter replacement strains were generated in D39s or ST858s, a streptomycin-resistant derivative of type-6B strain ST858. ST858 was originally isolated from the blood of a patient in the US and obtained from the US CDC from the Active Bacterial Core surveillance (ABCs)/Emerging Infections Programs (EIP) Network of the US CDC. ST858s was generated with an amplicon of the rpsL1-containing sequence from strain ST588 55 , and used to generate the JC knock-in mutant TH7180 (ST858s-Δ Pcps::JC) by replacement of the cps promoter region (sequence between the dexB stop codon and cps6BA start codon) in ST858s with JC through an amplicon from genomic DNA of TH4702 with primers Pr7339/Pr7344. The unmarked promoter replacement strains were prepared in the D39 and ST858 backgrounds by amplifying the flanking sequences of the cps promoter region from genomic DNA of each strain with the same primer set: Pr7339/Pr7340 and Pr7343/Pr7344, linking the PCR products to each exogenous cps promoter amplicon by fusion PCR using Primers Pr7339 and Pr7344, transforming TH4702 or TH7180 with target fusion PCR products, and selected/screened for streptomycin-resistant and kanamycin-sensitive transformants. The exogenous cps promoter sequences were individually amplified from genomic DNA samples of the source strains with strain-specific primers as described in Table S3 . All of the mutated loci in the resulting pneumococcal mutants were verified by DNA sequencing.
RNA extraction and quantitative real-time reverse transcriptase PCR (qRT-PCR).
Total pneumococcal RNA was purified using an RNAprep pure Cell/Bacteria Kit (TianGen, Beijing, China) according to the supplier's instructions. The mRNA level of the cps genes was quantified by quantitative RT-PCR (qRT-PCR) as described 12 . The pneumococcal rplI gene encoding the ribosomal protein RplI was amplified with primers Pr7709 and Pr7710 as an internal control. The transcripts of the cps2A/6BA and cps2E/6BE genes were detected with primer pairs Pr7705/Pr7706 and Pr7707/Pr7708, respectively. Each qRT-PCR experiment was repeated at least three times. The results of representative experiments are presented as means of three replicates ± standard errors.
Anti-CPS antibodies and immunoblotting. Pneumococcal CPS was detected by immunoblotting as described previously 12 . The type-2 or -6B capsular polysaccharide in D39 and ST858 derivatives was semi-quantified with a rabbit antiserum against the type-2 CPS (1:20,000 dilution) from Statens Serum Institut (Copenhagen, Denmark) or a self-prepared rabbit antiserum against the CPSs (types 4, 6B, 9V, 14, 18C, 19F, and 23F) (1:100 dilution) in the pneumococcal PCV7 vaccine. Anti-PCV7 serum was prepared in New Zealand white rabbits (Vital River, Beijing, China) by subcutaneous immunization with the PCV vaccine according to the standard protocol 56 . The animal works associated with the antibody production in rabbits were in accordance with the principles in the Chinese law on the humane use of animals for scientific experimentations, and were approved by the Institutional Animal Care and Use Committee in Tsinghua University. The bacterial cultures were pelleted by centrifugation and resuspended to an OD 620 of 0.4 in phosphate-buffered saline (PBS) and 2-fold dilution before being used for CPS immunoblotting. The CPS-binding activities of the primary antibodies were detected by peroxidase-conjugated goat anti-rabbit IgG (H+ L) (Bio-Rad, 1:10,000 dilution) and the ClarityTM Western ECL reagent (Bio-Rad). The ImageJ software (ImageJ 1.47v; National Institutes of Health) was used to digitize the amount of pneumococcal CPS on 2X, 4X, 8X and 16X dilutions spots on the basis of its chemiluminescence intensity level. The results of representative experiments are presented as means of three replicates ± standard errors. The error bars are means of the detectable spots for each sample.
Bacterial adhesion to epithelial cells and phagocytosis. Pneumococcal adhesion to host cells was determined with the confluent monolayers of human lung alveolar epithelial cell line A549 in 24-well plates as described in our previous study 12 . Each monolayer was infected with 10 7 colony-forming units (CFUs) of pneumococci. Phagocytosis of pneumococcal was determined with RAW264.7 murine macrophage cells 57 . Bacteria were incubated with RAW264.7 cells for 2 h, followed by incubating 1 h to kill extracellular bacteria with Penicillin (20 μ g/ml) and gentamycin (400 μ g/ml), extensive washing and lysis of the cells. The adherent or invasion bacteria were quantified by plating the cell lysates on TSA blood plates and counting the CFU. Each adhesion or phagocytosis experiment was repeated at least three times. The results of representative experiments are presented as means of four replicates ± standard errors.
Pneumococcal virulence test.
The virulence capacity of pneumococcal strains was assessed in a murine bacteremia model as previously described 12 . The animal works associated with pneumococcal infection in mice were conducted in accordance with the principles in the Chinese law on the humane use of animals for scientific experimentations, and were approved by the Institutional Animal Care and Use Committee in Tsinghua University. Briefly, groups of 10 female CD1 mice (6-8 weeks old, Vital River) were infected by intraperitoneal inoculation with approximately 500 CFUs per mouse for each co-infection of D39 and its derivative (~250 CFUs each) or 10 6 CFUs per mouse for the corresponding experiment with ST858 and its derivative (~5 × 10 5 CFUs each). The viable pneumococci in the bloodstream of each mouse were quantified by plating the blood sample on TSA agar dishes with (mutant) or without (mutant plus wild type) streptomycin selection 21 h post inoculation for enumeration of colonies. The level of attenuation was expressed as a competitive index (CI), which was defined as the output CFUs ratio (mutant/wild type) divided by the input CFU ratio (mutant/wild type) as described 12 . This factor was considered in calculation of the final CI values. When only the wild-type pneumococci (no mutant) were recovered from a mouse in the co-infection experiments, a value of 1 was given for the mutant output for the convenience of data presentation in common logarithms.
Statistical analysis.
Statistical significance of the data from qRT-PCR, luciferase, and immunoblotting was determined by two-tailed unpaired Student's t test. The data from animal infection and cell experiments were analyzed by Wilcoxon signed-rank and one-way analysis of variance (ANOVA) tests, respectively. Significant differences are defined by p values < 0.05 (* ), < 0.01 (* * ), and < 0.001(* * * ).
